1. Introduction {#sec1}
===============

The *DMD* gene is one of the largest genes in the human genome, encoding a 14-kb long transcript consisting of 79 exons spread over more than 2.4 Mb on the X chromosome \[[@bib1]\]. The gene exhibits a highly complex arrangement, with eight alternative promoters scattered in its introns driving the expression of four full-length and four short dystrophin isoforms in a tissue- or development-specific manner \[[@bib2],[@bib3]\]. Dp427 m is a full-length muscle-specific isoform, a lack of which causes Duchenne muscular dystrophy (DMD) (OMIM310200), a fatal progressive muscle wasting disease \[[@bib4]\]. Four alternative promoter-first exon regions are embedded in downstream introns and produce the Dp260, Dp140, Dp116 and Dp71 isoforms. Dp71, the shortest isoform, is transcribed from a promoter in intron 62 of the *DMD* gene, with the Dp71 transcript consisting of Dp71-specific exon G1 and *DMD* exons 63--79 \[[@bib5]\]. Thus, *DMD* exons 63--79 are incorporated into the mRNA of not only Dp71 but also all other isoforms.

Dp116, the second shortest isoform of the *DMD* gene, is transcribed from the Dp116 promoter in intron 55. Dp116 transcript is 5.2 kb long and consists of the Dp116-specific exon S1 joined to *DMD* exons 56--79 \[[@bib6],[@bib7]\]. The Dp116 promoter is characterized by its very specific activation in Schwann cells \[[@bib2]\]. Due to its limited expression and large size, the pathophysiological roles of Dp116 are largely unknown \[[@bib7]\]. We recently reported that Dp116 plays a role in the development of cardiac dysfunction in DMD patients \[[@bib8]\], suggesting that Dp116 expression is not limited to Schwann cells. However, exact mechanism of Dp116 to enhance cardiomyopathy remains unknown. It is necessary to understand physiological roles of Dp116 well, since cardiomyopathy is a leading cause of early death in DMD \[[@bib9]\].

Alternative splicing is a mechanism that enables cells to generate various diverse proteins from a limited number of genes \[[@bib10]\], as well as having important physiological functions in different developmental processes in humans \[[@bib11]\]. The most frequent type of alternative splicing of the *DMD* gene consists of the skipping of exons \[[@bib12]\]. Though most skipping of *DMD* exons occurs in-frame exons, skipping of exon 78 shifts the reading frame to produce a large dystrophin with an elongated C-terminal amino acid sequence \[[@bib13],[@bib14]\]. Analysis of Dp71 transcripts has identified multiple exon skipping patterns in the region from exon 71 to exon 78 \[[@bib5],[@bib15],[@bib16]\].

Glioblastoma is an aggressive brain tumor highly resistant to treatment \[[@bib17]\]. Molecular characterization of glioblastoma may help in designing effective therapies. One method of treatment may be the manipulation of RNA processing of tumor drivers \[[@bib18]\]. The *DMD* gene is regarded as a tumor suppressor gene \[[@bib19]\], with Dp71 shown to have tumor suppressive activity \[[@bib20],[@bib21]\]. We previously showed that glioblastoma cells express Dp71, with this Dp71 composed of six splice variants \[[@bib16]\], suggesting that glioblastoma provides a specific environment for regulating the splicing of *DMD* exons.

During the study on Dp71, we have obtained a signature that indicates the expression of Dp116 in U-251 cells. This study was designed to characterize Dp116 and the alternative splicing of *DMD* exons in glioblastoma cells. Dp116 mRNA and protein were shown to be expressed in glioblastoma cells. Furthermore, five splice variants and two novel splicing patterns of the *DMD* gene were identified. Splicing patterns of *DMD* exons were compared in Dp116 and Dp71. Identification of Dp116 in U-251 cells facilitates studies on the roles of Dp116.

2. Methods {#sec2}
==========

2.1. Cell lines {#sec2.1}
---------------

The U-251 glioblastoma cell line was purchased from the Japanese Collection of Research Bioresources (JCRB; Osaka, Japan) within the past year. Cells were cultured in minimum essential medium (MEM; Gibco Life Technologies, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) (HyClone, GE Healthcare, Chicago, IL, USA) at 37 °C in a 5% CO~2~ humidified incubator. The HEK293 embryonic kidney was purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) within the last 2 years. HEK293 was cultured in Eagle\'s Minimum Essential Medium (Wako Pure Chemical Industries Ltd., Osaka, Japan). These media were supplemented with 10% FBS (Gibco Life Technologies, Grand Island, NY, USA) and 1% antibiotic-antimycotic solution (Gibco Life Technologies) at 37 °C in a 5% CO~2~ humidified incubator.

2.2. Transcript analysis {#sec2.2}
------------------------

Cultured cells were rinsed twice with phosphate buffered saline (PBS; Sigma-Aldrich Co., St. Louis, MO, USA) and collected using the lysis/binding buffer from High Pure RNA isolation kits (Roche Diagnostics, Basel, Switzerland). RNA was extracted from these cells using High Pure RNA isolation kits (Roche Diagnostics). Human total RNA from skeletal muscle was obtained from a human total RNA Master Panel II (Clontech Laboratories, Inc., Mountain View, CA, USA). cDNA was synthesized from 0.5 μg of each total RNA using random primers, as described \[[@bib22]\]. The 5′ end fragment of Dp116 transcript was PCR amplified as described \[[@bib23]\]. The integrity and concentration of these cDNA preparations were assessed by amplifying the mRNA of the house keeping gene, glyceraldehyde 3-phosphate dehydrogenase (*GAPDH*), as described \[[@bib24]\]. Full-length Dp116 transcript was PCR amplified using a set of primers on exon S1 (Dp116F2; 5′-GGGTTTTCTCAGGATTGCTAT-3′) and exon 79 (5F; 5′-ATCATCTGCCATGTGGAAAAG-3′).

PCR amplification was performed in a total volume of 10 μl, containing 1 μl of cDNA, 1 μl of 10 × ExTaq buffer (Takara Bio, Inc., Shiga, Japan), 0.25 U of ExTaq polymerase (Takara Bio, Inc.), 500 nM of each primer, and 250 μM dNTPs (Takara Bio, Inc.). Amplification was performed on a Mastercycler Gradient PCR machine (Eppendorf, Hamburg, Germany), with each consisting of an initial denaturation at 94 °C for 3 min, followed by 30 cycles of denaturation at 94 °C for 0.5 min, annealing at 60 °C for 0.5 min, and extension at 72 °C for 1.5 min. Amplified PCR products were electrophoresed on 2% agarose gels. The amplification was done at least two times.

To examine the exon structure of the full-length transcript, the amplified product was subcloned into the pT7 blue T vector (Novagen, Inc., San Diego, CA, USA) and sequenced as described before \[[@bib16]\].

2.3. Overexpression of Dp116 {#sec2.3}
----------------------------

A Dp116-expressing plasmid was constructed by inserting the Dp116 coding sequence, consisting of *DMD* exons S1 and 56--79, into the plasmid pcDNA3, a mammalian expression vector with a CMV promoter (Invitrogen, Thermo Fisher Scientific Inc., Carlsbad, CA, USA). This construct was synthesized by FASMAC Co., Ltd. (Atsugi, Japan), and its sequence was confirmed by sequencing. HEK293 cells grown to 80% confluence on six-well culture dishes were transfected with 2 μg of synthesized plasmid in 4 μL lipofectamine2000 (Thermo Fischer Scientific, Waltham, MA, USA). After culturing for 24 h, the cells were harvested.

2.4. Western blotting {#sec2.4}
---------------------

Dp116 was analyzed by Western blotting, as described \[[@bib25]\]. Blots were incubated overnight with a 1:1000 dilution of rabbit polyclonal antibody directed against the C-terminal domain of human dystrophin (ab154168; Abcam, Cambridge, UK), followed by incubation with anti-rabbit IgG secondary antibody (GE Healthcare). As a loading control, membranes were incubated with a 1:4000 dilution of GAPDH antibody (2118S; Cell Signaling Technology Inc.), followed by incubation with anti-mouse IgG secondary antibody (GE Healthcare). Immunoreactive bands were detected with Immobilon Forte Western HRP Substrate (Merck Millipore, MA, USA).

2.5. Sequence analysis {#sec2.5}
----------------------

Splicing acceptor sites and branch points were assessed in nucleotide sequences using the Human Splicing Finder - Version 3.1 bioinformatic tool (<http://www.umd.be/HSF3/>). Searches for homology of amino acid sequences were performed using the Basic Local Alignment Search Tool (BLAST) (<https://blast.ncbi.nlm.nih.gov/Blast.cgi>).

3. Results {#sec3}
==========

3.1. Dp116 transcript in U-251 glioblastoma cells {#sec3.1}
-------------------------------------------------

Although Dp116 is expressed in a Schwann cell-specific manner \[[@bib7]\], its expression was analyzed in U-251 glioblastoma cells. To assess its expression, it was necessary to amplify full-length Dp116 cDNA as a single product. Conventional PCR amplification of full-length Dp116 cDNA produced a single band of expected size (2.9 kb) on an electropherogram ([Fig. 1](#fig1){ref-type="fig"}B). Expression of full-length Dp116 transcript was subsequently analyzed in HEK293 cells. However, no PCR amplified product was observed ([Fig. 1](#fig1){ref-type="fig"}B).Fig. 1Identification of Dp116 transcripts. A. Schematic illustration of the exon structures of Dp116 and Dp71 In Dp116, the specific exon S1 was joined to *DMD* exons 56--79. The open and shaded boxes indicate *DMD* exons and promoter specific exons, respectively. The number in each box indicates the exon number. Arrows indicate the location and direction of primers used for PCR amplification. B. Amplification of full-length Dp116 cDNA. The full-length Dp116 cDNA was amplified using a forward primer on exon S1 and a reverse primer on exon 79. Electropherograms of PCR amplified products are shown. The amplification revealed a single band near the 3000 bp marker in U-251 cells (U), but not in HEK293 cells (H). As a control, GAPDH was also amplified (GAPDH). Mk refers to a size marker. C. Identification of Dp116 protein by Western blotting Protein extracts were prepared from U-251 cells and from HEK293 cells transfected with a Dp116 expressing or an empty vector. Following electrophoresis and transfer to PVDF membranes, the membranes were incubated with a rabbit antibody against the C-terminal region of dystrophin. A band slightly above 100 kDa was observed in HEK293 cells (H) transfected with a Dp116 expressing vector (Dp116), but not in mock-transfected cells (Mock). In U-251 cells (U), a broad band was revealed at the position corresponding to Dp116. As a control, the blots were incubated with an antibody against GAPDH (bottom). Size markers are shown at the left.Fig. 1

3.2. Dp116 protein in U-251 cells {#sec3.2}
---------------------------------

The presence of Dp116 protein in glioblastoma cell lysates was examined by Western blotting, using an antibody against C-terminal region of dystrophin ([Fig. 1](#fig1){ref-type="fig"}C). To confirm the ability of this antibody to detect Dp116, it was tested against HEK293 cells transfected with a vector expressing Dp116. Dp116 expressed in HEK293 cells was present as a band just above the 100kDa size marker, but no band was detected in empty vector-transfected cells. A signal corresponding to the artificially-expressed Dp116 in HEK293 cells was detected in the lysates of glioblastoma cells, confirming that glioblastoma cells expressed Dp116 protein, as well as Dp116 mRNA.

3.3. Alternative splicing of Dp116 transcripts in glioblastoma cells {#sec3.3}
--------------------------------------------------------------------

To assess whether *DMD* exons 71--78 of Dp116 are alternatively spliced, as in Dp71, the PCR amplified products of 20 clones of full-length Dp116 were sequenced. Initially, all clones were sequenced using a primer on exon S1, revealing a nearly 1000 nucleotide-long sequence. Two clones were identified as no-specific, whereas the other 18 had completely normal exon structures, from exon S1 to exon 61. Subsequently, these 18 clones were subjected to sequencing starting from exon 61. Seventeen clones had normal sequences from exons 61 to 70, whereas one clone showed the direct joining of exon 67 to exon 70, deleting both exons 68 and 69 ([Fig. 2](#fig2){ref-type="fig"}). Finally, exons 71--79 were sequenced in these 18 clones. All clones lacked exon 78, suggesting that omission of exon 78 was a default splicing pathway in glioblastoma. Some clones also showed skipping of exons 71--74 and both exons 71 and 78 ([Fig. 2](#fig2){ref-type="fig"}). Alternative splicing, omitting exons 68 and 69, had never been reported in any DMD isoforms. Because these two exons were removed from the Dp116 sequence, skipping of these exons was likely considered a novel alternative splicing of the *DMD* gene. One clone had the same exon structure as Dp116b, but exon 75 lacked 100 bp at its 5′end (exon 75s).Fig. 2Dp116 splice variants. Sequencing of the amplified product in 18 clones revealed Dp116b in 12 clones, Dp116ab in three, and Dp116bc, Dp116bΔ68--69 and Dp116b75s in one each. Their exon structures are illustrated schematically. Boxes represent exons and the numbers in the boxes represent exon numbers. The number of clones are shown on the right (parenthesis). Partial nucleotide sequences at the junctions between exons 67 and 70 and between exon 74 and exon 75s are shown under the boxes.Fig. 2

3.4. Novel exon 75s created by cryptic splice acceptor site activation within exon 75 {#sec3.4}
-------------------------------------------------------------------------------------

Because exon 75s was an unexpected product but was inserted into mRNA, its nucleotide sequence was examined in detail. As expected, AG dinucleotides that usually comprise splice acceptor sites were identified upstream of truncated exon 75 ([Fig. 3](#fig3){ref-type="fig"}). Human Splicing Finder analysis showed that this acceptor site had a higher probability score than the conventional splice acceptor site of exon 75 ([Fig. 3](#fig3){ref-type="fig"}). In addition, hepta-nucleotides 22 bp upstream of the cryptic splice site were found to have a high probability score as a branch point ([Fig. 3](#fig3){ref-type="fig"}). The sequence between the acceptor site and branch point were rich in pyrimidine nucleotides (C and T), forming a polypyrimidine tract that is necessary for proper splicing \[[@bib26]\]. These findings indicated that exon 75s was an alternative splicing product formed using a cryptic splice site within exon 75. The deletion of 100 bp shifted the original dystrophin reading frame and was expected to encode new peptides. Exon 75s encoded 41 amino acids, with codon 42 being a stop codon ([Fig. 3](#fig3){ref-type="fig"}). A homology search of its amino acid sequence failed to identify any highly homologous protein.Fig. 3Exon 75s created by cryptic splice site activation. A. Schematic illustration of part of the genomic structure of the *DMD* gene. Authentic splicing proceeds from exon 74 to exon 75 (diagonal line), whereas novel alternative splicing proceeds from exon 74 to the cryptic splice acceptor site (bold diagonal line). Boxes and lines indicate exons and introns, respectively. Partial nucleotide sequences of exons and introns are shown as upper- and lower-case letters, respectively. The branch point sequence is underlined. Numbers under the schema indicate probability scores for splice acceptor sites and branch points. B. Nucleotide sequence of exon 75s (top) and its translated amino acid sequence (bottom). Codon 42 of exon 75s is a stop codon.Fig. 3

3.5. Isoforms of Dp116 {#sec3.5}
----------------------

Of the 18 clones, the most abundant (12 clones, 66.6 %) lacked only exon 78. This variant was named Dp116b ([Fig. 4](#fig4){ref-type="fig"}), based on the naming of Dp71 transcripts \[[@bib5]\]. Three clones (16.6%) lacked both exons 71 and 78, with this variant named Dp116ab. Each of the three remaining clones had different splicing patterns. One lacked exons 71--74 and exon 78 (Dp116bc), one lacked exons 68, 69 and 78 (Dp116bΔ68--69). The deletion of exons 68 and 69 maintained the reading frame of the protein, with Dp116bΔ68--69 expected to lack 93 amino acid residues. Skipping of exon 78 was the default condition in Dp116, indicating specific splicing regulatory mechanisms for Dp116.Fig. 4Isoforms of Dp116. Frequency of isoforms of Dp116 is shown. The percentages of isoforms of Dp116 in U-251 cells were calculated from colony numbers. The most abundant isoform was Dp116b.Fig. 4

4. Discussion {#sec4}
=============

Schwann cell-specific Dp116 was found to be expressed in U-251 glioblastoma cells, the third type of human non-Schwann cell found to express Dp116. Expression of Dp116 in skin fibroblast cells was shown to be lower in DMD patients than in controls \[[@bib27]\], and PCR amplification showed that Dp116 was expressed in cardiac muscle \[[@bib8]\]. Although SH-SY5Y cells expressed brain specific Dp427c, they did not express Dp116 \[[@bib23]\], indicating that Dp116 expression is not universal in neuronal cells. The ability of glioblastoma cells to express Dp116 suggests that they have characteristics of Schwann cells. Future studies, however, are required for confirmation.

Glioblastoma is a highly malignant brain tumor. Despite the development of novel therapeutic modalities, median overall patient survival is only 15 months \[[@bib17]\]. Further molecular characterization of glioblastomas may reveal new therapeutic targets \[[@bib18]\]. Dp116 has not been included in studies of the molecular characteristics of U-251 glioblastoma \[[@bib28],[@bib29]\]. In our study, conventional PCR successfully amplified full-length Dp116, suggesting that Dp116 expression is upregulated in U-251 cells and may be a molecular biomarker in glioblastoma. The involvement of Dp116 in G-protein signaling pathways important in glioblastoma tumorigenesis suggests that Dp116 may play a role in the molecular pathogenesis of glioblastoma \[[@bib27],[@bib30]\]. Additional molecular studies are required to test this hypothesis.

Five splice variants of Dp116 were shown to be present in U-251 glioblastoma cells, with skipping of exon 78 found to be a default splicing pathway. Skipping of this exon has also been reported to occur in brain *DMD* transcripts \[[@bib13]\]. Of the five splice variants, four were produced by alternative splicing of authentic exons and were expected to produce truncated Dp116 protein isoforms. In contrast, the fifth splice variant (Dp116b75s) was produced by activating a cryptic splice site, creating exon 75s. Although RNA-Seq technology showed that cryptic splice sites in four *DMD* exons were activated in adult human skeletal muscle, exon 75s had never been identified \[[@bib12]\]. Dp116b75s is expected to produce a C-terminal truncated Dp116, as Dp40 encoded in a transcript containing part of a *DMD* intron has been reported functional \[[@bib31],[@bib32]\].

Cancer cells have been reported to show many alternative splicing events, with these events associated with cancer progression and metastasis, and with the deregulation of splicing factors \[[@bib33]\]. Although the *DMD* gene has been reported to be a tumor suppressor gene, few studies have assessed alternative splicing of the *DMD* gene in cancer \[[@bib25]\]. Results to date cannot determine whether identified novel splicing patterns were cancer- or glioblastoma-specific. If cancer-specific, elucidation of their physiological roles would suggest novel cancer treatments, especially for glioblastoma.

Identification of Dp116 in cultured cells is expected to facilitate studies on physiological roles of Dp116. Thereby, understanding of pathophysiology of cardiomyopathy of DMD, a leading cause of early death of DMD patients, would be promoted.
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